We review the studies conducted in our group concerning electromagnetic properties of metamaterials and photonic crystals with negative effective index of refraction. In particular, we demonstate the true left handed behavior of a 2D composite metamaterial, by analyzing the electric and magnetic response of the material components systematically. The negative refraction, subwavelength focusing, and flat lens phenomena using 2D dielectric photonic crystals are also presented.
They are also called left-handed materials named by the parity of the coordinate system formed by electric, magnetic and wavevectors of the field. Novel electromagnetic phenomena stemming from the presence of n eff <0, such as negative refraction, and superlensing carry potential for revolutionary applications in optics. On the other hand, another novel research area called photonic crystals (PCs) [10, 11] emerged as an alternative platform to investigate certain electromagnetic phenomena based on n eff <0, where the band structure of the PC can lead to negative dispersion for electromagnetic waves, in analogy to negative effective mass of electron in a solid. [4, 5] In this paper, we review a number of studies based on both approaches to investigate the electromagnetic and optic properties of media with n eff < 0. In the first part, we discuss the CMM approach, and focus on the transmission characteristics of CMMs to identify their left-handed behavior accurately. In the second part, experimental and numerical results concerning negative refraction and focusing of EM waves using PCs will be presented. Two basic mechanisms arising from the band structure of PCs are employed to obtain negative refraction. We found that focusing abilities of a PC slab can surpass that of conventional (i.e. positive refractive) materials, providing both subwavelength resolution and true flat lens behavior.
The CMMs (Fig.1 c) consist of the so-called split ring resonators (SRRs) [6] and wires [7] which provide magnetic and electric resonances, respectively. The SRR ( Fig. 1.a) and closed-SRR (CSRR) (Fig. 1.b ) units are fabricated on circuit boards (type: FR4) with a copper deposited layer of thickness 30 µm by etching. The geometrical and material parameters can be found in another publication. [8] SRR units are arranged periodically with 5, 15, and 18 unit cells in x, y and z directions, with respective periods of a x = a y = 8.8 mm, and a z = 6.5 mm. Experimental setup consists of a HP 8510C network analyzer, and microwave horn antennas. The incident field propagates along the x direction with E, and H, along y and z directions, respectively. GHz. The first bandgap (3.55-4.05 GHz) of the SRR medium is not present in the CSRR medium, which marks the µ < 0 region. In contrast, the second bandgap (8.1-11.9 GHz) is present for both the SRR and CSRR medium. This measurement clearly distinguishes the µ < 0 gaps from the ε < 0, and from the periodicity induced Bragg gaps of the SRR.
In addition, the SRRs also exhibit an electric response which is similar to that of a periodic cut-wire medium. As a result, when combined with wires in a CMM, the SRRs contribute to the effective permittivity of the CMM, causing a downward shift of the plasma frequency, ω p , determined solely from wire structures. [9] The amount of the shift is crucial, because, if ω p shifts below ω m , i.e. below the µ < 0 gap, this would render the CMM as a right-handed medium. We have designed the present SRRs such that the µ < 0 gap of the SRR medium between 3.55 -4.05 GHz is not obscured by this shift. The CMM structure is made of N x = 5, N y = 15, and N z = 24 unit cells. The transmission spectra for SRR only (solid line), wire only (dashed line) and CMM (bold solid line) periodic structures are displayed in Fig. 3 .
The CMM pass band 3.6 -4.1 GHz, exactly coincides where both ε and µ are negative. The peak transmission at 3.9
GHz is -1.2 dB, which is a significantly high value for a material made of metals. The electric response contribution of SRRs is also evident here: The transmission starting at 5.3 GHz (solid line) marks the ω p of the CMM, which is significantly lower than that of wire-only structure at ~8 GHz (dotted line). In photonic crystals, the periodic modulation of the dielectric constant leads to a band structure for the propagation of electromagnetic waves. [10, 11] By modifying periodicity and dielectric constant, it is possible to obtain transmission bands with convex equal-frequency contours in k-space, which leads to negative refraction.
In this section we present the experimental demonstration of the negative refraction phenomenon. [12] The PC consists of a square array of alumina rods in air. The frequency range that gives n eff < 0 extends from 0.21 (13.10 GHz) to 0.25 (15.44 GHz) as indicated on the TM band structure shown in Fig. 4 . The refraction measurements are performed by horn/monopole antennas as emitter/detector pair and a network analyzer, as shown in Fig. 5 . In Fig. 6(a) , the lateral beam profiles scanned at the second PC interface by the detector antenna are shown. The center of the outgoing Gaussian beam is shifted towards the left hand side of the center of the incident Gaussian beam, which demonstrates the negative refraction. Using Snell's Law, we found n eff -1.94 experimentally and -2.06 calculated by the finite-differencetime-domain (FDTD) method. For comparison, the refraction data through a slab of polystyrene pellets (n = 1.46) is shown, for which the refracted beam is on the right hand side of the incident beam, typical to positive index materials. Subwavelength resolution using negative refractive materials has been theoretically suggested. [13] We perform the experiments and simulations with two incoherent point sources 0.7 mm away from the PC, which are separated by a distance of 6.78 mm (~λ/3), and having frequencies 13.698 GHz and 13.608 GHz respectively. Fig. 7 shows the measured and simulated power distribution at 0.7 mm away from the outgoing interface the PC. The peaks corresponding to each point source are clearly resolved. To our knowledge, this is the first experimental observation of subwavelength resolution of two incoherent sources using negative refractive materials. [14] For comparison, the simulations made for a homogeneous slab with n = 3.1 (alumina) and n = 15 (hypothetical material) are also indicated. Evidently, subwavelength resolution is not achieved even with unrealistically large refractive index. Besides, the large reflection due to the high index contrast significantly reduces the transmitted power when compared to 63% transmission obtained from the PC. So, even if the observed subwavelength resolution is a near field effect, this can not be achieved by ubiquitous materials. In this article we present a summary of studies conducted in Bilkent University Photonics Group concerning left handed CMMs and negative index PCs. We are actively pursuing these subjects to develop and analyze novel aspects of these materials and the electromagnetic phenomena associated with them within various regimes of the electromagnetic spectrum.
